Waterhemp is an increasingly problematic weed in the U.S. Midwest, having now evolved resistances to herbicides from six different site-of-action groups. Glyphosate-resistant waterhemp in the Midwest is especially concerning given the economic importance of glyphosate in corn and soybean production. Amplification of the target-site gene, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) was found to be the mechanism of glyphosate resistance in Palmer amaranth, a species closely related to waterhemp. Here, the relationship between glyphosate resistance and EPSPS gene amplification in waterhemp was investigated. Glyphosate dose response studies were performed at field sites with glyphosate-resistant waterhemp in Illinois, Kansas, Kentucky, Missouri, and Nebraska, and relative EPSPS copy number of survivors was determined via quantitative real-time polymerase chain reaction (qPCR). Waterhemp control increased with increasing glyphosate rate at all locations, but no population was completely controlled even at the highest rate (3,360 g ae ha 21 ). EPSPS gene amplification was present in plants from four of five locations (Illinois, Kansas, Missouri, and Nebraska) and the proportion of plants with elevated copy number was generally higher in survivors from glyphosate-treated plots than in plants from the untreated control plots. Copy number magnitude varied by site, but an overall trend of increasing copy number with increasing rate was observed in populations with gene amplification, suggesting that waterhemp plants with more EPSPS copies are more resistant. Survivors from the Kentucky population did not have elevated EPSPS copy number. Instead, resistance in this population was attributed to the EPSPS Pro106Ser mutation. Results herein show a quantitative relationship between glyphosate resistance and EPSPS gene amplification in some waterhemp populations, while highlighting that other mechanisms also confer glyphosate resistance in waterhemp. Nomenclature: Glyphosate; common waterhemp, Amaranthus tuberculatus (Moq.) Sauer var. rudis (Sauer) Costea and Tardif; Palmer amaranth, Amaranthus palmeri S. Wats AMAPA; corn, Zea mays L.; soybean, Glycine max (L.) Merr.
Glyphosate was first commercialized in 1974 and has since been considered one of the most ideal herbicides. It has broad-spectrum control, good translocation combined with a slow mode of action, and low mammalian toxicity and favorable environmental characteristics (Duke and Powles 2008) . The addition of crop selectivity to this list endowed by glyphosate-resistant (GR) crop technology commercialized in 1996 has made glyphosate arguably the most economically important herbicide worldwide. However, the frequent and widespread use of glyphosate that followed has led to intense selection pressure on weeds to evolve resistance. To date, 30 weeds across 24 countries have evolved resistance to glyphosate (Heap 2014) .
Few species have invaded agronomic fields and developed such a widespread distribution as quickly or efficiently as waterhemp. This success is attributed to waterhemp's dioecious strategy of sexual reproduction, C 4 photosynthetic pathway, prolonged emergence period, small seeds (which are adapted to conservation tillage), and propensity to evolve herbicide resistance (Tranel and Trucco 2009) . In a production field setting, waterhemp competition can reduce soybean yields up to 43% (Hager et al. 2002) , and season-long competition in corn can reduce yields as much as 74% (Steckel and Sprague 2004) . Glyphosate was the fourth of six herbicides with distinct sites of action to which waterhemp has evolved resistance. The first reported glyphosateresistant waterhemp population was identified in a Missouri field with a history of continuous GR soybean and multiple yearly glyphosate applications (Legleiter and Bradley 2008) .
Glyphosate inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a key enzyme in the shikimic acid pathway, preventing the biosynthesis of aromatic amino acids and all downstream products (Steinrücken and Amrhein 1980) . Weeds have evolved a number of resistance mechanisms in an attempt to thwart glyphosate. Currently identified mechanisms of glyphosate resistance include reduced translocation (Lorraine-Colwill et al. 2003) , which in most cases is likely due to vacuolar sequestration (Ge et al. 2010) ; target-site point mutations at Pro106 (Baerson et al. 2002; Wakelin and Preston 2006) ; and EPSPS gene amplification (Gaines et al. 2010; Salas et al. 2012; Wiersma et al. 2012) .
EPSPS gene amplification was first discovered in a weed closely related to waterhemp, Palmer amaranth (Gaines et al. 2010) . Multiple studies in Palmer amaranth have demonstrated the positive correlation between glyphosate resistance and EPSPS genomic copy number, EPSPS transcript and protein expression, and EPSPS enzyme activity (Gaines et al. 2010; Ribeiro et al. 2014) . Additional EPSPS proteins resulting from multiple EPSPS gene copies allow the plant to survive in the presence of glyphosate because the herbicide becomes overwhelmed by a massive amount of target-site protein (Powles 2010) . Although the mechanism of gene amplification remains unknown, MITEs (miniature inverted-repeat transposable elements), a putative Ac (Activator) transposase, and repetitive sequence region were found to be associated with amplified EPSPS copies in GR Palmer amaranth individuals. Introns were also confirmed to be present in amplified gene copies, providing further evidence for a DNA-mediated mechanism of gene amplification (Gaines et al. 2013) . Preliminary reports suggest that EPSPS gene amplification might be associated with glyphosate resistance in waterhemp as well (Bell et al. 2009; Shaner et al. 2011; Tranel et al. 2010) . However, the extent to which elevated EPSPS copy number contributes to glyphosate resistance remains unclear. In addition to EPSPS gene amplification as a potential mechanism of resistance, a Pro106Ser point mutation (Bell et al. 2013; Nandula et al. 2013) , and reduced glyphosate translocation were also found to confer resistance in some waterhemp populations (Nandula et al. 2013) .
Although preliminary reports have linked glyphosate resistance and EPSPS gene amplification in waterhemp, the relationship between EPSPS copy number magnitude and glyphosate resistance under field conditions has not been examined. Is EPSPS gene amplification the primary GR mechanism in geographically diverse waterhemp populations? Do higher glyphosate rates select for plants with higher EPSPS gene copy numbers? With these questions in mind, the primary objective of this study was to determine EPSPS gene copy numbers in waterhemp plants surviving different rates of glyphosate at multiple field locations in the Midwest.
Materials and Methods
Field Studies. Field studies were conducted in Douglas County, Illinois, Franklin County, Kansas, Hancock County, Kentucky, Randolph County, Missouri, and Dodge County, Nebraska at sites with suspected or confirmed GR waterhemp (Figure 1 ). Field studies were established as randomized complete block designs with 0X, 0.5X, 1X, 2X, and 4X rates of formulated glyphosate (1X 5 840 g ae ha 21 ) with three or four replications. Rates were chosen based on the results of a pilot study performed on GR waterhemp populations in Illinois and Iowa the previous year (Chatham et al. 2012) . Herbicide applications were made in midJune to mid-July 2013 when the majority of waterhemp plants were 8 to 12 cm in height. Studies were carried out using standard small-plot research procedures using pressurized CO 2 -back- pack sprayers; however, specific application equipment and sprayer calibration varied by location. Plot sizes ranged from 10 to 20 m 2 , and were planted with either soybean or no crop. Two to four wk after treatment, counts and/or visual observations of glyphosate activity were taken and leaf samples were obtained from at least four survivors in each plot (replication) for each treatment at each location. Leaf samples were taken from newly emerging leaves approximately 1 to 2 cm in length, stored at 4 C, and shipped on ice to the University of Illinois.
Examination of Resistance Mechanisms. Sample preparation. The CTAB (hexadecyltrimethylammonium bromide) DNA isolation method described previously by Doyle and Doyle (1990) was used to extract DNA from leaf samples. The concentration and purity of each sample was examined using a spectrophotometer (NanoDrop 1000 Spectrophotometer, Thermo Fisher Scientific, 81 Wyman St., Waltham, MA 02451), and each sample was diluted to 10 ng ml 21 for all subsequent procedures.
EPSPS Gene Amplification. Samples were tested for elevated EPSPS copy number compared to a onecopy reference gene (CPS, which encodes the large subunit of carbamoylphosphate synthetase) using quantitative real-time PCR as described previously (Délye et al. 2015; Ma et al. 2013) . A threshold EPSPS copy number value was set to the maximum relative copy number observed for any of the glyphosate-sensitive controls used in the study. Samples with a relative EPSPS copy number above this threshold (1.5) were considered to have elevated copy number. GR samples previously shown to have elevated EPSPS copy number were included as positive controls and were consistently above the threshold.
Alternative Target-Site Resistance. Select samples without gene amplification were screened for the Pro106Ser mutation (Bell et al. 2013; Nandula et al. 2013 ) using a derived cleaved amplified polymorphic sequences (dCAPS) assay designed according to methods described by Délye et al. (2015) and performed as described previously (Chatham et al. 2015 .
EPSPS Sequencing. A portion of the EPSPS gene was sequenced from two plants each that tested homozygous positive, homozygous negative, or heterozygous for the Pro106Ser mutation to confirm the accuracy of the dCAPS assay. PCR was performed using primers EPSF1, originally designed for qPCR (Gaines et al. 2010) , and eps106wt-R3, originally designed for use in the dCAPS assay mentioned above. After confirming the presence of the correct amplicon via agarose gel electrophoresis (1% agarose; 0.5 mg ml 21 ethidium bromide), the PCR product was purified (E. (Tamura et al. 2013 ).
Statistical Analysis. Statistical analysis of the correlation between glyphosate rate and relative EPSPS copy number was carried out in R (v3.0.3) (R Development Core Team 2014) using bootstrapping of the correlation coefficient (r) with 99,999 resamples and treating location as a random effect. The resampled distributions were compared to the real copy number data to determine how many times the correlation coefficient from the original data set was observed by chance alone in the resampled distributions.
Results and Discussion
Waterhemp Control. Dose response studies confirmed the presence of GR waterhemp at each field location. Less than 90% control was observed at 840 g glyphosate ha 21 and complete control was not seen even at 3,360 g ha
21
. In contrast, 840 g glyphosate ha 21 typically provides 90% to 100% control of glyphosate-susceptible waterhemp populations (Wait et al. 1999; Young et al. 2001) . Because of the variability among locations in how the experiments were conducted, the dose-response data were not statistically analyzed. However, visual inspection of the data (Figure 2 ) reveals a general trend of increasing waterhemp control with increasing glyphosate rate at all locations. This pattern of control with glyphosate has been seen previously with GR waterhemp (Legleiter and Bradley 2008; Patton et al. 2012) .
EPSPS Gene Amplification. Copy number analysis revealed that EPSPS gene amplification was present at four (Illinois, Kansas, Missouri, Nebraska) of the five locations studied (Figure 3) . When a pilot study was conducted in 2012, gene amplification was also observed at the same location in Illinois and at a location in Iowa (Chatham et al. 2012) . Counting the Iowa location, EPSPS gene amplification was observed in five of six locations investigated. Because the Iowa location was not included in 2013 (due to weather events) it is not discussed further, and the Kentucky location, where EPSPS gene amplification was not observed, is discussed in a following section.
At least one plant that survived glyphosate treatment but did not have EPSPS gene amplification was found at each glyphosate rate at each location (Figure 3) . If EPSPS gene amplification was solely responsible for resistance in these populations, one would expect to see elevated EPSPS copy number in all plants surviving glyphosate, particularly at the higher glyphosate rates. Although some survivors might have escaped exposure to glyphosate and not truly be resistant, their presence at all four locations-and even at the highest rate-is difficult to ignore. Alternative mechanisms of resistance are a more likely explanation for these anomalies.
To further examine whether EPSPS gene amplification was associated with resistance, a chi-square goodness-of-fit test was performed on the copy number data obtained from the four locations at which amplification was observed ( Table 1 ). The proportion of plants with elevated copy number sampled from untreated control plots was used as the expected proportion and the proportion of plants with elevated copy number in all glyphosate treatments was used as the observed proportion. In Illinois, Kansas, and Nebraska waterhemp populations, the proportion of surviving plants with elevated EPSPS copy number in the glyphosatetreated plots was significantly different from that in the untreated control plots (P , 0.001), confirming that gene amplification is associated with glyphosate resistance in waterhemp. However, in the Missouri population, the proportion of plants with elevated copy number in the glyphosate treated plots was not statistically different from what was expected based on the untreated control (P 5 0.386). Although not statistically significant, data from the Missouri population suggested a general trend of increasing copy number with rate (Figure 3) . The lack of significance here might be due to the high background frequency of plants with elevated copy number in the population (75% based on plants from control plots).
An examination of the raw EPSPS copy number data revealed that copy number magnitude might vary by location (Figure 3) , and the combined data for all treatments at each location (Figure 4a ) showed an obvious difference in the copy number distributions for each population. The populations from Illinois, Kansas, and Missouri clearly had individuals with EPSPS gene amplification; the average copy number of plants with gene amplification at these locations was 4.1, 4.0, and 3.9, respectively. These averages are similar to those found in the original GR population (MO1) (Legleiter and Bradley 2008) in the first accounts of EPSPS gene amplification in waterhemp (Bell et al. 2009 ). However, the EPSPS copy number distribution from the Nebraska population was distinct from those of the Illinois, Kansas, and Missouri populations (Figure 4a ). The magnitude of EPSPS copy number in Nebraska was lower, with an average copy number of 2.1 among plants with elevated EPSPS copy number. Differences in background frequencies of plants with high EPSPS copy numbers (e.g., the Missouri population relative to other populations) and in the copy number magnitudes (e.g., the Nebraska population relative to the other populations) could be explained by temporal differences in the GR evolutionary process at each location. Anecdotal reports indicate that the Missouri population was Figure 3 . Raw gene copy number data showing relative 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) copy number of each surviving plant at each glyphosate rate (g ae ha 21 ) in glyphosate-resistant waterhemp populations from Illinois, Kansas, Kentucky, Missouri, and Nebraska. Relative EPSPS copy number data of three sensitive (2) and two resistant (+) controls are shown to the left of each graph. Solid vertical lines bound the copy number data from each glyphosate rate. Dashed lines represent the threshold EPSPS copy number value (1.5); samples with relative copy number above the threshold were considered to have EPSPS gene amplification.
suspected to be resistant in 2008, whereas the Nebraska population was not known to be resistant until 2012 (Illinois and Kansas locations were identified as GR in 2010). Because resistance evolution is a gradual process, and because of varying lag times between observation and reporting of resistance, it is impossible to accurately chronologically compare resistance evolution at the different locations. Nevertheless, our EPSPS copy number data are consistent with a longer and shorter GR evolutionary history in the Missouri and Nebraska populations, respectively. For example, longer-term selection for glyphosate resistance in the Missouri population might have given this population more time to accumulate the gene amplification mechanism as well as any alternate mechanism that might confound the correlation between glyphosate resistance and gene copy number.
Among the four populations that have EPSPS gene amplification, a general trend of increasing gene copy number with increasing glyphosate rate was observed in the raw copy number data (Figure 3) . This relationship is more clearly depicted when data are combined among populations with gene amplification (Illinois, Kansas, Missouri, and Nebraska; Figure 4b ). However an examination of the interaction between median relative EPSPS copy number and glyphosate rate for these four locations shows that, although this relationship exists, it seems to vary slightly by population (Figure 4c) .
Although a general trend of increasing gene copy number with increasing rate can be seen in the combined EPSPS copy number data (Figure 4b ) and individually by location (Figures 3 and 4c. ), statistical characterization of the trend was not straightforward; the data set did not meet the assumptions required to perform parametric statistics. Both the original data and the linear model residuals were not normally distributed (Shapiro-Wilk P , 0.001) and the variances were not equal among locations (Bartlett's test, P , 0.001) or treatments (Bartlett's test P , 0.001). These violations of the parametric ANOVA assumptions were also obvious from visual inspection of the data (Figures 4a and 4b) . Combined with the unequal sample sizes, these results warranted a nonparametric statistical approach to analyze the data. A significant correlation was found between glyphosate rate and EPSPS copy number (r 5 0.3, P , 0.001, 99999 resamples) in the combined data from the populations with EPSPS gene amplification. These results indicate that gene amplification is associated with glyphosate resistance in waterhemp and suggests that higher gene copy number survivors were present at higher rates. To further explore this hypothesis, bootstrapping was performed again on the combined data, without the data from control treatments in each state. The increase in gene copy number between the control and the first glyphosate treatment could have contributed largely to the observed r value. Without the 0X data, a smaller yet still significant correlation was observed (r 5 0.20, P , 0.001, 99999 resamples), confirming that a quantitative relationship between EPSPS copy number and glyphosate rate exists in these populations. These results indicate that higher glyphosate rates select for individuals with higher average EPSPS copy number, suggesting that plants with more EPSPS copies have a higher level of resistance than those with fewer copies. Gaines et al. (2010) suggested that a similar pattern of increasing EPSPS copy number with increasing glyphosate rate exists in Palmer amaranth.
Kentucky Population. There is a clear connection between EPSPS gene amplification and glyphosate resistance in several of the waterhemp populations studied; however, there is also evidence for alternate resistance mechanisms. Because none of the survivors from the Kentucky population had elevated gene copy number, the samples were screened with a dCAPS assay designed to detect the Pro106Ser mutation, which previously was found to be associated with glyphosate resistance in waterhemp (Bell et al. 2013; Nandula et al. 2013 ). The Pro106Ser mutation was present in the population, and found in 69% percent of samples from the control plots. However, only 6% of plants from the control were homozygous for the mutation, with both alleles having the serine substitution. At the 2X and 4X rates, 100% of survivors had the mutation, and at the 4X rate, 67% were homozygous for the mutation ( Figure 5 ). The strong relationship between glyphosate rate and the proportion of survivors with the mutation suggests that the Pro106Ser point mutation is responsible for glyphosate resistance in the Kentucky population. Glyphosate survivors from the Illinois, Kansas, Missouri, and Nebraska populations that did not have elevated EPSPS copy number were also examined, but the Pro106Ser mutation was not found in any of these samples. Several samples from the Kentucky population of each genotype were sequenced and results confirmed that the dCAPS assay was working correctly (data not shown).
Alternate Mechanisms. The only other mechanism of glyphosate resistance reported in waterhemp and not examined herein is altered translocation/uptake (Nandula et al. 2013) . Examination of this mechanism would require whole plant specimens of the glyphosate survivors. It is possible that altered translocation might be present in some of the populations studied here. This might explain why some plants without gene amplification survived glyphosate treatment, especially at the higher rates. Multiple mechanisms of resistance in some of these populations might have confounded the results, making examination of the relationship between EPSPS gene amplification and glyphosate resistance more difficult. Therefore, the correlation between rate and gene copy number might be underestimated here relative to what would be expected in a more homogeneous population with gene amplification as the only existing mechanism of glyphosate resistance. The potential for multiple resistance mechanisms might also have contributed to the lack of a significant chi-square goodness of fit P value in the Missouri population.
In conclusion, results from this study confirm that an association between glyphosate resistance and EPSPS gene amplification exists in some waterhemp populations. Gene amplification was found in five of six populations studied (including the Iowa population in the 2012 pilot study). Given the locations of the populations studied, EPSPS gene amplification appears to be a common and widespread mechanism of resistance ( Figure 1) . Survey studies carried out in Illinois and Missouri both found gene amplification present in the majority of GR waterhemp populations (Chatham et al. 2015; Schultz et al. 2015) . Among waterhemp populations with elevated EPSPS copy number, a positive correlation between copy number and level of resistance was observed. Gene copy number magnitude varied by location, but overall was significantly lower than copy numbers observed in Palmer amaranth. Not all the populations studied had gene amplification; the Pro106Ser mutation was found to be primarily responsible for resistance in the Kentucky population. Although EPSPS gene amplification appears to be the primary mechanism of resistance in waterhemp, it is clear that other mechanisms exist. Further investigation of these mechanisms and their interplay when combined is required to more fully understand glyphosate resistance in waterhemp.
